ABSTRACT High density of phenyl rings makes PAF-1 have robust structure and highly lipophilic pore, which make it very suitable for organocatalysis. However, there is no report about using PAF-1 as platform for enantioselective organocatalysis. In this paper, using PAF-1 as the platform, a chiral prolinamide catalytic site was introduced onto the framework of PAF-1 via a series of stepwise post-synthetic modifications, obtaining a novel PAF-supported chiral catalyst named PAF-1-NHPro. Then its enantioselective catalytic performance was studied by subjecting it to catalyze the model Aldol reaction between p-nitrobenzaldehyde and cyclohexanone. PAF-1-NHPro showed good diastereoselectivity and enantioselectivity with excellent and easy recyclability.
INTRODUCTION
Porous materials have been used for many practical applications that exploit the porosity of their structures. Among the applications, immobilization of homogeneous catalysts, especially chiral catalysts, on cavity surfaces of the solid porous materials is of great importance. In this field, the latest developments involved enantioselective catalysis based on metal-organic frameworks (MOFs) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , covalent organic frameworks (COFs) [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and porous organic polymers (POPs) [25] [26] [27] [28] [29] [30] [31] [32] . Many advantages of MOFs, COFs and POPs for heterogeneous enantioselective catalysis have been elaborated by scientists. However metal-organic coordinative bonds in MOFs make the materials usually suffer from low stability to thermal treatments, water, and most organic solvents, which has restricted their further development in catalysis field. On the other hand, in the case of COFs, because the materials are all prepared by reversible reactions, the resultantly formed covalent bonds (most of them are boron-oxygen bonds or imine bonds) are also a hidden trouble for the stability of COFs under certain conditions and can interfere with some catalytic reactions, which might limit their application in enantioselective catalysis. Moreover, the POPs constru-cted only by stable covalent bonds are very stable but usually do not have robust structure and ordered pores. In recent years we have developed a series of porous aromatic frameworks (PAFs) featured by the high density of aromatic rings linked only by strong covalent carbon-carbon single bonds. PAFs can combine the advantages of MOFs, COFs and POPs and can be used for diverse applications [33] [34] [35] [36] . Furthermore, it was found that PAF materials are perfect platforms for organocatalysis and organometallic catalysis by our group in recent studies [37, 38] .
Among the reported PAF materials, the most wellknown and intensively studied one is PAF-1 [39] developed by our group, which is the seminal work of PAFs and has many attractive and great prospects [34, [40] [41] [42] . So far PAF-1 and functionalized PAF-1 have been widely used for adsorption [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] , separation [57, 58] , heterogeneous catalysis [59] , detection [60] and other diverse applications [61] [62] [63] [64] . On the one hand, PAF-1 has high level of porosity and extraordinary stability to thermal treatments and almost all of the solvents. On the other hand, the framework structure of PAF-1 is so robust that the material can endure even very harsh reaction conditions, which makes PAF-1 very easily functionalized through established reactions. Although the above advantages have offered PAF-1 superior potentials as plat-forms for enantioselective organocatalysis, this research field is still in its infant stage. To the best of our knowledge, in the enantioselective organo-catalysis field, the only related example is the use of defective PAF-1 as the platform for chiral organocatalyst, which was synthesized by one-pot copolymerization of the primitive tetrahedral building blocks and the low-connected functional chiral building blocks [32] . However, the introduction of the low-connected monomer could seriously influence the polymerization and generate a large number of defects, and thus the obtained defective framework was obviously different from that of PAF-1. In a word, PAF-1 has got less attention than they should in the enantioselective organocatalysis field given their vastly superior features. Hence, in this work we would pioneer the use of functionalized PAF-1 material in the enantioselective organocatalysis field.
As in the cases of the known solid catalysts, the basic but important issue is how to combine the PAF-1 framework and the chiral catalytically active site. In our design, the L-prolinamide was selected as the chiral catalytically active site. As we all know, L-proline and its derivatives are one type of the most famous organocatalysts, which can catalyze various enantioselective transformations including the Aldol, Michael, and Mannich reactions. Meanwhile, owing to the appropriate size as well as the easy preparation, the proline-type organocatalysts are one of the best candidates to investigate if a new solid material could be used as the platform for enantioselective catalysis. On the other hand, the Aldol reaction is an important reaction which is frequentlyused to investigate the catalytic activity of the catalyst supported by porous materials such as MOFs, COFs and POPs [1] [2] [3] [4] [5] [6] [7] [8] [9] 23, 24, 32] . Thus in this paper we make an attempt to introduce the chiral catalytically active L-prolinamide unit into the PAF-1 material by stepwise post-synthetic modifications and investigate the catalytic performance of the obtained material for catalyzing the Aldol reaction.
EXPERIMENTAL SECTION

General
All moisture or oxygen-sensitive reactions were carried out under an argon atmosphere in oven or heat-dried flasks. The anhydrous solvents used were purified by distillation over the drying agents indicated in the square brackets and were transferred under argon: N,N-dimethylformamide (DMF) [ ) in ethanol followed by heating as developing agents. The products were purified by flash column chromatography on silica gel (200-300 meshes) from the Qingdao Marine Chemical Factory in China.
1 H NMR spectra were recorded in CDCl 3 solution on a Varian 300 MHz instrument. Chemical shifts were denoted in ppm (δ), and calibrated by using residual undeuterated solvent (CHCl 3 (7.26 ppm) or tetramethylsilane (0.00 ppm)) as internal reference for 1 H NMR. Fourier transform infrared (FT-IR) spectra were recorded on a Bruker IFS 66v/S Fourier transform infrared spectrometer. The solid state 13 C CP/MAS TOSS (cross-polarization/magic-angle spinning total suppression of spinning sidebands) NMR spectrum was measured on Bruker Avance III WB 400 spectrometer with magic angle spinning at 8 kHz frequency. Powder X-ray diffraction (PXRD) was performed by a Rigaku D/ MAX2550 diffractometer using Cu-Kα radiation, 40 kV, 200 mA with a scanning rate of 1°min −1 (2θ). Thermogravimetric analysis (TGA) was performed using a Netzch Sta 449c thermal analyzer system at a heating rate of 10°C min −1 from room temperature to 800°C in an air atmosphere. The N 2 adsorption-desorption isotherms were measured on a Quantachrome Autosorb-iQ2 analyzer. Elemental analyses were carried out on a vario EL cube elemental analyzer. Analytical HPLC was recorded on a HPLC machine equipped with Agilent 1100 series quaternary pump with a UV diode array detector. The chiral stationary phase was Daicel Chiralcel AD-H column.
Synthesis of PAF-1
Tetrakis(4-bromophenyl)methane (509 mg, 0.8 mmol) was added to a solution of 2,2'-bipyridyl (565 mg, 3.65 mmol), bis(1,5-cyclooctadiene)nickel(0) (1.0 g, 3.65 mmol), and 1,5-cyclooctadiene (0.45 mL, 3.65 mmol) in anhydrous DMF/THF (60 mL/90 mL), and the mixture was stirred for 60 h at room temperature under nitrogen atmosphere. Then concentrated hydrochloric acid (60 mL) was added slowly, and the resulting mixture was stirred for 12 h. The precipitate was collected by filtration, then washed with 2 mol L −1 hydrochloric acid (1×100 mL), 1 mol L −1 hydrochloric acid (2× 100 mL), water (4×100 mL) and methanol (4×100 mL), and dried in vacuum at 150°C for 12 h to produce PAF-1 (248 mg, 98% yield). Elemental analysis calcd. (%) for C 25 
Synthesis of PAF-1-NO 2
To a suspension of PAF-1 (240 mg) in Ac 2 O (120 mL) in an ice bath, 4.8 mL fuming nitric acid was gradually added. The resultant reaction mixture was then stirred at room temperature for 4 days. Subsequently, the mixture was poured into a large amount of water, and the solid was filtrated, washed with water (5×100 mL) substantially, and then dried in vacuum at 120°C for 12 h to give PAF-1-NO 2 (293 mg). Elemental analysis (%) found: C 73.41, H 3.99, N 6.35.
Synthesis of PAF-1-NH 2
250 mg PAF-1-NO 2 and 8.2 g SnCl 2 ·2H 2 O were suspended in 50 mL ethanol. The resultant mixture was stirred at 70°C for 12 h. The solid was filtrated and suspended in 50 mL concentrated hydrochloric acid. Then the mixture was centrifuged and the obtained solid was washed with water (3×100 mL) and ethanol (3×100 mL). The product was dried in vacuum at 120°C for 12 h to produce PAF-1-NH 2 (211 mg). Elemental analysis (%) found: C 85.23, H 5.69, N 7.38.
Synthesis of L-proline acid chloride hydrochloride (L-ProCl·HCl)
This compound was synthesized according to the modified literature step [65] . To a suspension of phosphorus pentachloride (38.0 g, 182.5 mmol) in chloroform (100 mL) was slowly added L-proline (20.0 g, 173.7 mmol) in small portions under argon, keeping the reaction temperature below 10°C. The resultant reaction mixture was stirred for 30 min below 10°C. Then the solid was filtered under argon, washed with chloroform (1×20 mL) and dried in vacuum at room temperature, affording L-Pro-Cl·HCl (23.05 g, 135.6 mmol, 78% yield) as a white solid.
Synthesis of PAF-1-NHPro
PAF-1-NH 2 (150 mg) obtained above was added anhydrous THF (50 mL) and L-Pro-Cl·HCl (1.09 g). Then the resulting mixture was stirred for one day at room temperature. Then 50 mL saturated Na 2 CO 3 aqueous solution was added to the reaction mixture. The resulting mixture was filtrated. The resultant solid was washed with H 2 O (4×50 mL), THF (4×50 mL) and CH 2 Cl 2 (4×50 mL), dried in vacuum at 120°C for 12 h, yielding the desired PAF-1-NHPro (175 mg). Elemental analysis (%) found: C 75.88, H 6.26, N 8.83.
Typical procedure for Aldol reaction catalyzed by PAF-1-NHPro
To a mixture of p-nitrobenzaldehyde (0.25 mmol), PAF-1-NHPro (27 mg), glacial acetic acid (HOAc) (0.2 mmol) and m-xylene (0.5 mL) was added cyclohexanone (2.5 mmol) at −20°C. The resulting mixture was stirred at −20°C for 7 days. Then the mixture was centrifuged and the obtained solid was washed with THF (6×5 mL). The combined organic solutions were evaporated to dryness. The resultant residue was directly column chromatographed over silica gel (200-300 mesh) to afford the mixed Aldol product. The diastereomeric ratio (dr) was determined by 1 H-NMR analysis of the mixed Aldol product.
1 H NMR (300 MHz, CDCl 3 ): δ = 8.23−8.14 (m,
. The enantiomeric excess (ee) was determined by HPLC analysis with a Daicel Chiralcel AD-H column [hexane/2-propanol=90:10, flow rate 1 mL min −1 , t R (anti isomer)=22.6 min (minor), 30.5 min (major)]. The catalyst was directly dried in vacuum at 40°C for 12 h for reuse when required.
RESULTS AND DISCUSSION
Our strategy for introducing chiral catalytically active site to the PAF-1 is via a series of stepwise post-synthetic modifications. Inspired by the excellent work of Ma and co-workers [59] , in which PAF-1 was bifunctionalized as a platform for cascade catalysis, we used a similar method to graft the chiral L-prolinamide functional group onto the framework of PAF-1. As shown in Scheme 1, PAF-1 was nitrated by HNO 3 and then reduced by SnCl 2 to afford PAF-1-NH 2 , which further reacted with L-proline acid chloride hydrochloride (L-Pro-Cl·HCl) to afford PAF-1-NHPro.
First, FT-IR spectra of the materials, as shown in Fig. 1 , were used to verify the preparation of the chiral catalytically active site tethered PAF by using the above strategy. Compared with PAF-1, the FT-IR spectrum of PAF-1-NO 2 shows two strong peaks at 1,533 and 1,350 cm −1 which are the characteristic peaks of -NO 2 group, indicating the introduction of nitro groups into the PAF-1. After reduction process, in the FT-IR spectrum of PAF-1-NH 2 the above two peaks of -NO 2 group disappeared and the characteristic double peaks of -NH 2 (3,473 and 3,383 cm ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   196 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ble peaks of -NH 2 and the appearance of the characteristic peaks of carbonyl group (the new peaks at around 1,600 cm −1 ) indicated that the L-prolinamide group was introduced into the PAF material.
The chemical composition of PAF-1-NHPro was further characterized by solid-state 13 C CP/MAS TOSS NMR spectroscopy (Fig. 2) . The solid-state 13 C NMR (Fig. 2 ) of PAF-1-NHPro showed one broad peak around 170 ppm which was the characteristic peak of the amide carbon. The four peaks at 24, 29, 46, 60 ppm could be assigned to the aliphatic carbons in the proline-type ring. The peak corresponding to the aliphatic quaternary carbon linked by four benzene rings was observed at 64 ppm and the peaks corresponding to the aromatic carbons were observed at 117−152 ppm in the spectrum. In a word, the peaks in the 13 C NMR spectrum agree well with the designed immobilized catalyst, which confirms that the Lprolinamide catalyst has been well embedded into the PAF material.
The above analyses of the FT-IR spectra of the four PAF materials and the solid-state 13 C NMR spectrum of PAF-1-NHPro together demonstrated that PAF-1-NHPro with L-prolinamide catalytic unit was obtained as designed. In addition, the PXRD patterns (Fig. S1 ) of PAF-1, PAF-1-NO 2 , PAF-1-NH 2 and PAF-1-NHPro indicated that the four PAF materials all do not have longrange ordered structures.
The nitrogen adsorption-desorption isotherms of PAF-1, PAF-1-NO 2 , PAF-1-NH 2 and PAF-1-NHPro (Fig.  3) all showed a rapid uptake at low relative pressure, . . . . . . . . . . . . . . . . . . . . . . . . . . . for PAF-1-NHPro. The BET surface area changes from PAF-1 to PAF-1-NO 2 to PAF-1-NH 2 were in good agreement with the intrinsic size properties of the corresponding functional groups. Noteworthily, there is a sharp decrease of the BET surface area from 2,542 m 2 g −1
for PAF-1-NH 2 to 677 m 2 g −1 for PAF-1-NHPro. This sharp decrease further indicated that the chiral L-prolinamide units were introduced into the pores of PAF-1-NH 2 and thus PAF-1-NHPro was synthesized as expected.
Thermal stability of the obtained PAF materials was tested by TGA. As shown in Fig. 4 , PAF-1, PAF-1-NO 2 and PAF-1-NH 2 all showed almost no weight loss below 350°C, suggesting their high thermal stability. The obvious decomposition of the framework started at about 400°C for PAF-1 and PAF-1-NH 2 and at about 350°C for PAF-1-NO 2 . When the temperature reached 560°C for PAF-1-NO 2 and 620°C for PAF-1 and PAF-1-NH 2 the complete decomposition of the materials was investigated. Interestingly, after introducing the L-prolinamide units, repeated experiments ensured that PAF-1-NHPro (black solid curve, Fig. 4) showed a 4% weight loss before 100°C, which might be due to the gradual disappearance of some guest molecules in the pores of the PAF material. Unlike other three PAF materials, this distinctive phenomenon of PAF-1-NHPro indicates that the prolinamide unit has stronger interaction force (such as intermolecular hydrogen bonding) with the guest molecule which most likely is water. In addition, PAF-1-NHPro showed a slow 30% weight loss between 230-480°C, which was attributed to the decomposition of the L-prolinamide unit. Further obvious decomposition of the PAF-1-NHPro framework started at 480°C and the material completely decomposed when the temperature reached 630°C. Although PAF-1-NHPro showed a lower thermal stability which mainly resulted from the intrinsic property of the catalytic unit, the decomposition temperature (230°C) is high enough to meet the need of most enantioselective organocatalysis. Furthermore, PAF-1-NHPro could not be dissolved or decomposed in almost all common solvents such as THF, CH 2 Cl 2 , CHCl 3 , EtOAc, toluene, methanol (MeOH), ethanol (EtOH), DMSO, dimethylformamide (DMF), xylene and water, which makes it very suitable for heterogeneous organocatalysis.
To conclude, the above characterization of the obtained materials clearly proved the successful preparation of PAF-1-NHPro with chiral catalytically active site as designed.
With the expected PAF-1-NHPro in hand, its catalytic performance was evaluated, adopting Aldol reaction between p-nitrobenzaldehyde and cyclohexanone as a model reaction. Because the quantity of the immobilized catalytic site was difficult to accurately calculate for PAF-1-NHPro, the catalyst loading was selected by an easy initial investigation and then remained unchanged in the control experiments as indicated in Table 1 . This is different from the research on the homogeneous catalysis. First, we screened various solvents (neat, hexane, Et 2 O, m-xylene) and m-xylene gave the best results in terms of diastereoselectivity, enantioselectivity and yield of the current catalytic reaction (entry 1-4, Table 1 ). So we used m-xylene as the solvent to further investigate our heterogeneous catalysis. The elevation of reaction temperature from −20°C to room temperature increased the reactivity of the current reaction but seriously reduced the enantioselectivity and diastereoselectivity (entry 5, Table 1 ). In addition, the material PAF-1-NH 2 (entry 6, Table 1) could not catalyze the current reaction under the optimized conditions, indicating that the introduced chiral prolinamide unit in PAF-1-NHPro is indeed the effective catalytic site for the current reaction. The supernatant liquid of the m-xylene suspension of PAF-1-NHPro had no catalytic activity (entry 7, Table 1 ), which definitely indicated no leakage of catalytically active species from the PAF-1-NHPro catalyst during the catalysis process. It is noteworthy that the operation after reaction is very simple, in which only centrifugation is needed to remove the solid catalyst and the obtained solution could be further directly purified by evaporation and flash column chromatography to yield the desired product.
Under our optimized conditions, the recyclability that is an important factor for a heterogeneous catalyst was tested. As shown in Table 2 , PAF-1-NHPro was subjected to 10 cycles of the Aldol reaction between p-nitrobenzaldehyde and cyclohexanone. In each cycle, the reaction was driven to react for the same time. After each cycle, the catalyst could be easily separated from the reaction system by centrifugation followed by washing with THF. The recovered catalyst was dried and could be directly reused in the next cycle. It was demonstrated that in the 10 cycles, there was no observable loss of the dr and ee value of the catalytic reaction. The reaction yields had a slightly decline in the 10 cycles, which is mainly due to the material loss in the catalyst recovering process. To further investigate the stability of PAF-1-NHPro in the recycle test for the Aldol reaction, the recycled PAF-1-NHPro after 10 cycles was characterized by FT-IR spectrum and nitrogen adsorption-desorption isotherms. Besides some weak peaks that might be attributed to a very small amount of adsorbed Aldol product or byproduct on the recycled catalyst, the FT-IR spectra (Fig. S2) of the fresh PAF-1-NHPro and the recycled catalyst after 10 cycles were almost the same. As shown in the nitrogen adsorption-desorption isotherms (Fig. S3) , compared with the fresh PAF-1-NHPro, the recycled catalyst after 10 cycles showed only a slight decrease of the BET surface area (from 677 m 2 g −1 for the fresh PAF-1-NHPro to 644 m 2 g −1 for the recycled PAF-1-NHPro). The above results indicated that the functional groups together with the framework and pores of PAF-1-NHPro remained almost unchanged after 10 cycles of the Aldol reaction. Notably, PAF-1-NHPro could be kept under air at ambient temperature for 30 days and showed no loss of activity. The above results clearly proved the exceptional chemical stability and perfect recyclability of the catalyst PAF-1-NHPro.
CONCLUSIONS
In summary, we have developed a route to a PAF-1 based material (PAF-1-NHPro) with chiral catalytically active site during stepwise post-synthetic modifications. PAF-1-NHPro exhibited good diastereoselectivity and enantioselectivity for catalyzing the Aldol reaction between cyclohexanone and p-nitrobenzaldehyde. More importantly, PAF-1-NHPro demonstrated exceptional chemical stability and perfect recyclability, that is, it could undergo at least 10 cycles without any loss of diastereoselectivity and enantioselectivity in the current catalysis system. Our work demonstrated that the PAF materials are promising candidates as a new solid platform for efficient green enantioselective organocatalysis. In parti- 
